, catabolite repression by fermentable carbohydrates (11, 21, 24) , allosteric activation by AMP (7, 22), inhibition by oa-keto acids (19, 22) , and catabolite inactivation by intermediary metabolites (9, 20) . Despite recent attempts, a genetic analysis of three regulatory events has been severely restricted because of the difficulty in selecting mutants, due to lack of scorable phenotype, and the complex medium needed for enzyme induction under a strictly anaerobic environment. Furthermore, various strains of E. coli with unrelated genotypes appear to produce various levels of this enzyme in the same medium, and mutations at multiple loci on the chromosome influence expression of the enzyme in vivo (16). By using transposon-mediated mutagenesis and direct enzyme assay, we have isolated an E. coli mutant that lacks functional threonine dehydratase. Genetic analysis with the transposon element that caused insertional inactivation located the tdc gene at min 67 on the E. coli chromo- Growth of bacteria. Cells were routinely grown aerobically at 37°C in LB or TB medium (17); the minimal medium was medium A (17). To induce threonine dehydratase, cultures were incubated at 37°C in the tryptone-yeast extract (TYE) medium anaerobically in still culture (16); in some experiments, strictly anaerobic conditions were maintained (16) in a GasPak anaerobic chamber (BBL Microbiology Systems, Cockeysville, Md.).
From a collection of kanamycin-resistant mutants of Escherichia coli K-12 isolated by transposon TnS mutagenesis, we have identified a mutant that lacks functional biodegradative threonine dehydratase (EC 4.2.1.16) by direct enzyme assay and by the loss of cross-reacting material with affinity-purified antibodies against the purified enzyme. Aerobic and anaerobic growth of this strain on various carbon sources failed to reveal a phenotype. Evidence for the insertional inactivation of threonine dehydratase by TnS was obtained by cloning the DNA segments flanking the TnS insertion site into pBR322 and hybridizing the cloned DNA to a synthetic oligodeoxynucleotide probe complementary to the DNA segment coding for a unique hexapeptide at the amino terminus end of the enzyme; the region of homology to the synthetic cDNA sequence appears to be located within about 500 nucleotides from one end of TnS. Genetic analysis with the transposon element that caused insertional inactivation located the tdc gene at min 67 on the E. coli chromosome.
Biodegradative threonine dehydratase (EC 4.2.1.16) of Escherichia coli and Salmonella typhimurium is subject to multilevel control by several different mechanisms: induction of enzyme synthesis by amino acids and cyclic AMP (8, 11, 26) , catabolite repression by fermentable carbohydrates (11, 21, 24) , allosteric activation by AMP (7, 22) , inhibition by oa-keto acids (19, 22) , and catabolite inactivation by intermediary metabolites (9, 20) . Despite recent attempts, a genetic analysis of three regulatory events has been severely restricted because of the difficulty in selecting mutants, due to lack of scorable phenotype, and the complex medium needed for enzyme induction under a strictly anaerobic environment. Furthermore, various strains of E. coli with unrelated genotypes appear to produce various levels of this enzyme in the same medium, and mutations at multiple loci on the chromosome influence expression of the enzyme in vivo (16 Growth of bacteria. Cells were routinely grown aerobically at 37°C in LB or TB medium (17) ; the minimal medium was medium A (17) . To induce threonine dehydratase, cultures were incubated at 37°C in the tryptone-yeast extract (TYE) medium anaerobically in still culture (16) ; in some experiments, strictly anaerobic conditions were maintained (16) Conjugation and transduction studies, Gradients of transmission in uninterrupted mating experiments were determined as outlined by Anderson et al. (1) . Generalized transduction, using phage P1, was performed by the method of Miller (17) .
Tn5 mutagenesis. The method described by Berg (2) was generally used. Briefly, a suspension of strain W3110 cells at a density of 1.4 x 107 cells per ml in 0.01 M MgSO4 was infected at 30°C for 15 min with A b221 c1857 rex::TnS at a multiplicity of infection of 5 PFU per cell and then centrifuged and suspended in TB medium. The cells were allowed to express the drug resistance gene for 90 min at 30°C before 0.1-ml aliquots were plated on TB medium containing 15 ,ug of kanamycin per ml. The drug-resistant colonies were purified before enzyme induction studies.
Enzyme assay. The cultures were routinely screened for threonine dehydratase activity with toluene-treated whole cells as described by Merberg and Datta (16) . The enzyme activity in extracts was determined colorimetrically as described by Bhadra and Datta (3). One unit of enzyme is described as the increase in absorbance of 1.00 at 540 nm (after correcting for blank) per 5 min at 37°C; the specific activity is expressed as units per milligram of protein.
Cloning of the kanamycin resistance gene. In general, the techniques outlined in Molecular Cloning by Maniatis et al. (14) were employed. Purified high-molecular-weight DNA (5 ,ug) isolated from strain TG426 kan and 5 ,ug of pBR322 amp tet DNA (a gift from Anath Das at Stanford University) were digested together at 37°C for 4 h with 20 U of EcoRI and heated at 65°C for 15 min to inactivate the enzyme. The reaction mixture for T4 ligase consisted of 50 mM Trishydrochloride (pH 7.6), 5 mM MgCl2, 5 mM dithiothreitol, and 1 mM ATP. Ten units of T4 ligase was added to start the reaction, and the mixture was incubated at 12°C for 2 h. Aliquots of the ligation mixture (50 p.l) were then used to transform competent strain JA194 cells prepared by the CaCl2 procedure (14) , and the transformation mixtures were plated on several LB agar plates containing 50 ,ug of kanamycin per ml. After incubation at 37°C for 16 h, 12 transformants appeared, all of which were also resistant to ampicillin and tetracycline. After colony purification, plasmid DNAs from all 12 transformants were isolated from 5-ml overnight cultures in LB plus 50 pug of kanamycin per ml by the alkali procedure of Birnboim and Doly (4) . For large-scale preparation of plasmid DNA, the chloramphenicol-treated cultures were treated by the modified alkali procedure as described previously (15); the DNA was banded at least once through a CsCI-ethidium bromide gradient (14) .
Synthesis of an oligodeoxynucleotide probe. From the amino acid sequence of a hexapeptide, Asp-Asp-Ileu-Ileu-GluAla, at the N terminus of the E. coli threonine dehydratase (12) , oligodeoxynucleotide sequences can be predicted, one of which is complementary to the DNA segment coding for the unique hexapeptide (Fig. 1 (14) . One hundred nanograms of the synthetic 17-mer was end labeled with 200 ,uCi of [y-32PIATP in 0.05 M Tris-hydrochloride buffer (pH 9.5) containing 10 mM MgCl2, 5 mM dithiothreitol, and 20 U of T4 polynucleotide kinase. After incubation for 30 min at 37°C, the mixture was passed through a 3-ml column volume of Sephadex G-25 (fine) equilibrated in 0.01 M triethylammonium bicarbonate buffer (pH 8.0) to separate the labeled material from unreacted ATP.
Hybridization. For the hybridization reaction, aliquots of 0.5 to 1 ,ug of plasmid DNA were restricted singly with a number of restriction enzymes in appropriate buffers (14) , and the DNA fragments, electrophoretically separated on a 0.7% agarose gel, were transferred to a nitrocellulose filter (23) and then hybridized to the labeled oligodeoxynucleotide probe essentially as described by Dalbadie-McFarland et al. (5) . The hybridization was carried out at 22°C for 16 h, and the filter was successively washed in 6x SSC (lx SSC was 0.15 M NaCl-0.015 M sodium citrate) first at 22°C and then at 45°C. The specific activity of the labeled probe was 8 x 108 to 10 x 108 cpm/,uLg; usually, about 2 ng of labeled material per ml of reaction mixture was used.
Other methods. The Ouchterlony double-diffusion immunoprecipitation technique was used as described previously (10) . Protein concentration was determined by the method of Lowry et al. (13) . Culture density was monitored by a KlettSummerson colorimeter equipped with a red filter.
RESULTS AND DISCUSSION
Mutant selection. In several trials, a large number of kanamycin-resistant mutants of E. coli W3110 were isolated by TnS mutagenesis. Because threonine dehydratase-negative strain have no scorable phenotype, individual cultures of drug-resistant colonies grown anaerobically at 37°C for 20 h in 3.5 ml of TYE medium were directly screened for dehydratase activity in toluene-treated cells (16) . The amount of enzyme produced in a given culture was qualitatively estimated by visually inspecting the color yield relative to the positive (wild-type strain W3110) and negative (strain MB201) controls. Strain MB201 is unable to induce threonine dehydratase in TYE medium unless supplemented with KNO3 (16) ( Table 1) . During the initial screening, culture 225 produced no detectable enzyme activity; this strain, designated TG425, retained the other auxotrophic markers (Table 1 ) present in the parent strain W3110 as determined by plating on appropriate media.
Absence of threonine dehydratase activity in strain TG425. Quantitative enzyme assays of extracts of strain TG425 grown anaerobically in TYE medium for 6 h showed no enzyme activity with up to 500 ,ug of protein, whereas an extract of strain W3110 containing 30 pug of protein had 25 U of enzyme activity. Assays of mixed extracts of strains TG425 and W3110 revealed no inhibitory substance. The kinetics of enzyme induction during anaerobic growth showed no dehydratase activity in strain TG425 up to 24 h in the TYE medium.
Because a number of strains of E. coli K-12 failed to synthesize significant amounts of the enzyme either in TYE or in synthetic amino acid medium unless supplemented with cAMP and fumarate or nitrate (11, 16) , we grew strain TG425 in media containing various combinations of these substances in still cultures as well as under a strictly anaerobic environment for various lengths of time (up to 48 h). No dehydratase activity was detected under any culture conditions tested (data not shown).
The lack of dehydratase induction in strain TG425 was also revealed by the Ouchterlony immunoprecipitation technique (Fig. 2 ). An extract of strain TG425 grown in TYE medium failed to form a precipitin band with affinity-purified antibodies raised against purified threonine dehydratase from E. coli K-12. Because inactive enzyme (inactivated either spontaneously upon storage without AMP and dithiothreitol or by several intermediary metabolites by a catabolite inactivation mechanism) produces cross-reacting material with anti-dehydratase antibodies (3, 11) , it is likely that the TnS insertion permitted synthesis of only the amino terminal segment of the polypeptide.
Previous studies (7, 11, 22) have shown the induction of threonine dehydratase in E. coli and S. typhimurium requires cAMP. It is possible that strain TG425 did not produce cAMP or degraded it rapidly, resulting in the lack of enzyme synthesis. We have found that the addition of cAMP (up to 10 mM) did not allow enzyme synthesis in strain TG425. Furthermore, without exogenously added cAMP, the induction of 3-galactosidase in strain TG425 was comparable to that found in strain W3110, indicating that there was no obvious defect in cAMP metabolism.
Growth strains TG425 and W3110 in LB, as well as in minimal medium with glucose both aerobically and anaerobically. Similar final culture densities were attained by both strains under the following growth conditions: minimal medium with glucose, fructose, glycerol, or lactate aerobically; minimal medium with glucose or fructose anaerobically; TYE alone or when supplemented with nitrate, nitrite, or fumarate anaerobically. Neither strain was able to utilize succinate or threonine under either aerobic or anaerobic conditions, although they both showed a small amount of growth in glycerol anaerobically. Obviously, a phenotype for the lack of biodegradative threonine dehydratase remains to be established.
Chromosomal location of Tn5 insertion. The experiments described above clearly suggest that the acquisition of kanamycin resistance by strain TG425 also resulted in the loss of dehydratase synthesis. To locate the site of Tn5 insertion, uninterrupted mating experiments were performed with Hfr strains TG192 and TG227 and the recipient strains TG2700 and TG2701, respectively. (These strains were constructed from standard laboratory strains with appropriate markers to facilitate scoring of recombinants [ Table 1 ].) From the gradients of transmission of the known markers (Fig. 3) , the Tn5 insertion site appears to be located between 65 and 68 min on the E. coli chromosome. 3 . Gradients of transmission of unselected markers in mating of Hfr strains TG192 (0) and TG227 (A) (all Kanr) with Kan' recipient strains TG2700 and TG2701, respectively. Selected markers were thyA for strain TG192 and malA for strain TG227. Unselected markers were metC, argG, rpsL, and malA for strain TG192 and argG, metC, and thyA for strain TG227. Closed symbols are for Kanr. A more precise location of the drug resistance marker was established by transductional analysis (Table 2) . For these experiments, phage P1 was grown on strain TG426 (a transductant of strain W3110 from strain TG425; Table 1 ) containing both kan and tdc loci (the latter conferring a threonine dehydratase-negative phenotype). The results indicated ( Table 2 ) that the kan locus was not linked to metC (64 min) and was weakly linked (1 to 3% cotransduction) to dnaG (66.5 min) and argG (68 min), but it showed a high frequency of cotransduction with uxaA (67 min). In the last two experiments (5 and 6), where the selected marker was Kanr, the two loci were cotransduced with an even higher frequency.
Identity of the Tn5 insertion site and the tdc locus. In preliminary experiments, the kan locus (at 67 min) was found to be cotransduced with tdc at a high frequency (between 40 and 80%). Furthermore, strains carrying F-prime plasmids also revealed the proximity of these loci. For example, strains MAF1/JC1553(F'140) and KL720(F' 102), complementing chromosomal markers from min 65 to 80 and min 65 to 70, respectively, showed gene dosage effects with F-prime plasmids, whereas strain KL728(F'111) (min 81 to 91) had similar enzyme activity before and after curing of the episome (unpublished data).
The evidence for the insertional inactivation of threonine dehydratase by Tn5 was obtained by cloning the integrated TnS element from strain TG426 into the EcoRI site of plasmid pBR322 and hybridizing the cloned DNA to synthetic oligodeoxynucleotide probe complementary to the DNA segment coding for a unique hexapeptide (amino acid residues 12 through 17) at the N terminus of the E. coli enzyme (cf. Fig. 1 ). The plasmid DNAs isolated from all Kanr transformants hybridized with the synthetic probe. When the plasmid DNA from one such transformant (pEC6) was restricted with 11 different restriction enzymes, only one fragment in each case hybridized with the labeled probe (Fig.  4) .
By employing several other restriction enzymes individually or in combinations (data not shown), we constructed a preliminary restriction map of the cloned DNA (Fig. 5) . The data revealed that the region of homology to the synthetic cDNA sequence appears to be located within about 500 nucleotides from one end of Tn5. Interestingly, digestion of the HhaI-HhaI fragment (about 800 nucleotides long, having a TaqI site) with TaqI completely abolished the hybridization reaction. It is likely that the use of C at the third position in the isoleucine codon (residue 15) generated a TaqI site in the DNA (see Fig. 1 ) which, when cleaved, reduced the efficiency of hybridization by shortening the homologous sequence. Because the synthetic oligodeoxynucleotide probe is homologous to the 5' end of the coding sequence (nucleotides +34 to + 50), it would appear that integration of TnS at a site within 500 nucleotides from the 5' end of the coding sequence caused insertional inactivation of the enzyme.
The experiments described above led us, for the first time, to isolate an E. coli mutant lacking biodegradative threonine dehydratase by insertional inactivation by a transposon element and to map the chromosomal location of the tdc gene at min 67 on the E. coli chromosome. In addition, the cloning of the DNA segments flanking the TnS insertion site followed by hybridization to a synthetic oligodeoxynucleotide probe has provided information on the approximate site of Tn5 insertion into the tdc gene. The availability of the cloned DNA or the synthetic probe, or both, would facilitate the cloning of the functional gene to study the structure and regulation of the threonine dehydratase in E. coli and in other related bacteria. P.D. is deeply indebted to Charles Yanofsky for providing laboratory facilities, expert advice, and a most stimulating environment during the course of this investigation. We also thank him for critical review of the manuscript.
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